One of the obstacles for cancer immunotherapy is the inefficiency of CD8 
Introduction
A long-standing problem in tumor immunology that poses a serious challenge for cancer immunotherapy is why tumor-killing CD8 þ T cells do not efficiently infiltrate tumors (1, 2) . In stark contrast, CD4 þ T cells, especially regulatory T cells, which induce immunosuppression and promote tumor growth and metastasis, accumulate in tumors (3, 4) . Extensive studies from our laboratory and others show that STAT3, a Signal Transducer and Activator of Transcription family protein critical for tumor-cell survival and invasion, mediates the cross-talk between tumor cells and various immune cells, causing tumor immunosuppression (3, (5) (6) (7) (8) . Our published results suggest that STAT3 activity within regulatory CD4 þ T cells is critical for their tumor accumulation (3, 9) . By contrast, STAT3 intrinsic to CD8 þ T cells inhibits their tumor infiltration (7) . These findings suggest that tumor recruitment of CD4 þ and CD8 þ T cells utilizes distinct signaling pathways/factors, resulting in opposing biologic functions that ultimately enhance tumor progression.
We recently demonstrated that signaling of sphingosine-1-phosphate (S1P) and its receptor, S1PR1, which is critical for persistent STAT3 activation in tumor cells and tumor-associated immune cells (10) , is essential for CD4 þ T regulatory cell mobilization to tumor sites, thereby indirectly affecting accumulation of tumor-associated CD8 þ T cells (9) . However, little is understood about the detailed intrinsic molecular mechanisms by which CD8 þ T cells home to tumor sites. Several chemokines have been shown to be important for inducing CD8 þ T-cell recruitment to tumor sites (11) (12) (13) . CXCR3, the receptor for its chemokine ligand CXCL9/10, has been shown to facilitate CD8 þ T-cell recruitment in inflammatory and infectious diseases (14, 15) . CXCR3 is also known to be important for T-cell trafficking and effector T-cell generation (16) . Consistent with this notion, CD8 þ T-cell accumulation in the intestinal environment after acute injury depends on CXCR3 (17) . At the same time, both CXCL10 and CXCR3 have been shown to be favorable prognostic markers and correlate with enhanced survival rate in both renal cell carcinoma and melanoma (18, 19) . On the other hand, CXCR3 is found to be expressed and functional in almost all cells and upregulated in many primary and metastatic tumors, and considered to be crucial for cancer cell migration (20) . We address in the current study whether and how STAT3 regulates CD8 þ T-cell recruitment to tumor via IFNg-CXCL10-CXCR3 signaling.
Materials and Methods
) mice were kindly provided by Drs. Shizuo Akira and Kiyoshi Takeda (Osaka University, Japan) and crossed with CD4-Cre mice (Taconic) to generate CD4-Cre/ Stat3 loxp/loxp mice with Stat3 deletion in T cells (Stat3
) as previously described (7, 9 In vitro T-cell migration assay Spleens and lymph nodes were gently dissociated under 70-mm nylon mesh for single-cell isolation. Cell pellets were resuspended in red blood cell lysing buffer (Sigma-Aldrich) to remove red blood cells, and single-cell suspensions were filtered, washed, and resuspended in FACS Wash Buffer (2% FBS in Hank's Balanced Salt Solution without Ca 2þ , Mg 2þ , and phenol red). Total splenocytes harvested from tumor-bearing mice were stained with APC-CD3 and PE-CD8 antibodies. Cells were then washed three times and resuspended in migration buffer to a final concentration of 1 Â 10 7 cells/mL. Migration assays were carried out by seeding T cells in the upper chamber of 96-well Transwell plates with 5.0-mm pore size polycarbonate membrane (Corning). Cells (50 mL) were added into each top well and allowed to migrate at 37 C for 2 to 3 hours. The lower chambers were filled with 200 mL of migration buffer (RPMI-1640 medium with 0.1% fatty acidfree BSA and 10 mmol/L HEPES) with or without murine CXCL10 (PeproTech) as chemoattractant for migration. In some experiments, cells were pretreated with small GTPase inhibitors, CT04 (Rho A family inhibitor; Cytoskeleton), ROCKi (Rho Kinase inhibitor; Millipore), ML141 (Cdc42 inhibitor; Tocris Bioscience), and NSC23766 (Rac1 inhibitor; Santa Cruz Biotechnology), or CXCR3 antagonist SCH 546738, at indicated times and doses. Migrated cells in the bottom chambers were enumerated by flow cytometry at a fixed flow rate for 1 minute on an Accuri C6 flow cytometer. Data were presented in fold changes, where the number of cells from the control group (Ctrl) was set at one. Triplicates were performed for each condition.
Flow cytometry for surface and intracellular staining
Single-cell suspensions from tumors (prepared as previously described; ref. 9) and TDLNs were stained with FITC-CD3 and PE-CD8 antibodies, then fixed and permeabilized using the Foxp3/Transcription Factor Fixation/Permeabilization Kit (eBioscience) according to the manufacturer's protocol. Following two washes, cells were stained for 30 minutes on ice with APC-IFNg. Cells were washed twice and resuspended in FACS buffer before flow cytometry analysis. Data were collected using an Accuri C6 flow cytometer and analyzed with FlowJo software (TreeStar).
Real-time quantitative PCR
CD8 þ T cells or CD11b þ myeloid cells were enriched from tumor-cell mixtures, TDLNs, or spleens from B16 tumor-bearing Stat3 þ/þ or Stat3 À/À mice, as described above. In some experiments, CD11b þ F4/80 þ myeloid cells were sorted by FACSAria SORP cell sorter (BD Bioscience) from tumor-cell mixtures. Total RNA was extracted using RNAqueous Micro kit column purification (Ambion). cDNA was produced from RNA using a cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR was performed using SYBR Green Supermix (Bio-Rad) and quantified using Chromo4 real-time detector (Bio-Rad). RT-PCR primers were purchased from SA Biosciences. Each primer set was validated using a standard curve across the dynamic range of interest with a single melting peak.
Western blotting and ELISA For Western blotting, CD8 þ T cells were negatively enriched as described above. Cells were lysed in 1% Nonidet P-40 lysis buffer containing protease inhibitor cocktail (Sigma-Aldrich) and 1 mmol/L sodium orthovanadate (Sigma-Aldrich). Protein lysates (20 mg) were subjected to SDS-PAGE, probed with indicated antibodies, and detected using an enhanced chemiluminescence substrate (Pierce). Monoclonal anti-b-actin antibody was purchased from Sigma-Aldrich. Polyclonal antibody against CXCR3 was purchased from Abcam. For determination of CXCL10 levels, 1 Â 10 6 B16 total tumor cells or B16 tumorinfiltrating CD11b þ myeloid cells, isolated as mentioned above,
were incubated with 1 mL of serum-free medium, and supernatants were collected from a 24-hour cell culture. Tumor-cell supernatants were subjected to murine IP-10 ELISA and analyzed according to the manufacturer's instructions (Peprotech).
Immunostaining Formalin-fixed paraffin-embedded sections were deparaffinized, followed by Ag retrieval with high pH Ag retrieval solution (Vector Labs), and stained with antibody against mouse CD8 (Biolegend), followed by incubation with Alexa555-labeled goat anti-mouse IgG with Hoechest 33342. Quantification was performed by acquiring images of three random fields per sample under Â40 magnifications with a Nikon Eclipse TE2000-U microscope, followed by analysis with Image-Pro Plus (Media Cybernetics).
Statistical analysis
Data are presented as mean AE SEM. Statistical comparisons between groups were performed using the unpaired Student t test to calculate two-tailed P value. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; ns, not significant.
Results and Discussion

STAT3 affects CD8
þ T-cell migration to tumors by inhibiting from the tumor-cell mixtures. Real-time PCR analysis of different chemokines revealed that expression of Cxcl9, Cxcl10, and, to a lesser degree, Cxcl11, was significantly upregulated within tumor-associated myeloid cells by the loss of Stat3 in T cells (Fig. 1A, left three plots) . The enhanced production of CXCL10 by myeloid cells due to Stat3 ablation in T cells was further confirmed by using ELISA in both the B16 melanoma and 3LL (Lewis Lung Carcinoma) mouse tumor models (Fig.  1A, right two plots) . However, the mRNA expression in Cxcl9, Cxcl10, and Cxcl11 of total tumor cells was not affected by Stat3 ablation in T cells ( Supplementary Fig. S1A ). In addition, CXCL10 secretion by total tumor cells remained unchanged ( Supplementary Fig. S1B ). Moreover, the levels of CXCL10 secreted by total tumor cells were at basal ($0.2 ng/mL, Supplementary Fig. S1B ), compared with CXCL10 levels secreted by myeloid cells ($1-3 ng/mL, Fig. 1A ). This indicates that loss of Stat3 in T cells did not affect production of chemokines by tumor cells, which are the main population of tumors, but rather had a dramatic and selective effect on tumor-associated myeloid cell production of these chemokines. To further identify subpopulations of myeloid cells, we sorted CD11b þ tumorinfiltrating myeloid cells and found that nearly 80% of them were F4/80 þ macrophages (Supplementary Fig. S2A ). As expected, macrophages from Stat3 À/À mice showed significantly elevated levels of Cxcl10 mRNA (Supplementary Fig. S2B ). Because CXCL9, CXCL10, and CXCL11 are known to be regulated by IFNg, we determined the effects of Stat3 ablation on the percentage of IFNg þ CD8 þ T cells in tumors. Real-time PCR analysis showed significantly increased expression of IFNg in Stat3 knockout CD8 þ T cells from TDLNs (Fig. 1B, left) , which was confirmed by flow cytometry analysis (Fig. 1B, right, 6 C, migration assay analysis of splenic CD8 þ T cells from B16 tumor-bearing Stat3 þ/þ mice in the presence or absence of CXCL10 (100 ng/mL). All data shown are representative of two to four independent experiments. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. migration (Fig. 1C) . Together, these data suggest that STAT3 signaling in T cells inhibits IFNg production by CD8 þ T cells, leading to decreased IFNg-induced chemokine expression, especially CXCL10 by tumor-associated myeloid cells. This reduction in CXCL10 expression by tumor-associated myeloid cells had a negative impact on CD8 þ T-cell migration. Due to the elevated STAT3 activation found in most solid tumors, the reduced chemokine expression by tumor-associated myeloid cells may account for inefficient cytotoxic CD8 þ T-cell accumulation.
STAT3 inhibits CXCR3 expression and CXCL10-induced CD8
þ
T-cell migration
We next analyzed expression of CXCR3, the receptor of CXCL9/10, in CD8 þ T cells. Compared with na€ ve mice, Cxcr3 expression was suppressed in tumor-bearing mice ( Fig. 2A and B) . When challenged with B16 tumors, ablation of Stat3 in T cells resulted in increased percentage of CXCR3 þ splenic CD8 þ T cells compared with that in Stat3 þ/þ mice by flow cytometry (Fig. 2A) .
Consistently, the Cxcr3 expression in splenic CD8 þ T cells from tumor-bearing mice was also increased as determined by real-time PCR (Fig. 2B, top) . In addition, Western blotting analysis revealed a similar change in CXCR3 expression of tumor-bearing splenic CD8 þ T cells (Fig. 2B, bottom) . Absence of STAT3 expression did not lead to changes of CXCR3 levels in B16 tumor-primed TDLNs ( Supplementary Fig. S3 ). It has been shown that chemokine receptors, including CXCR3, are downregulated due to internalization upon ligand binding at the target organ (23) . Moreover, STAT3 has been shown to regulate IFNg production by T cells in the tumor, but whether STAT3 can modulate CXCL10-induced CD8 þ T-cell migration remains unknown. In vitro migration assay of Stat3 þ/þ and Stat3 À/À CD8 þ T cells from spleens of B16 tumorbearing mice showed enhanced migration of CD8 þ T cells toward CXCL10 in a dose-dependent manner in the absence of Stat3 (Fig. 2C and D) . Blocking of CXCR3 by pretreating CD8 þ T cells with CXCR3 antagonist SCH 546738 for 15 minutes significantly restricted CD8 þ T-cell migration toward CXCL10 (Fig. 2C) . These results suggest that CXCR3-mediated CD8 þ T-cell migration is suppressed in tumors, and STAT3 negatively regulates CXCL10-induced CD8 þ T-cell migration by inhibiting CXCR3 expression.
IFNg/CXCL10/CXCR3 signaling induced by Stat3 ablation promotes tumor infiltration of CD8 þ T cells
To assess whether IFNg-induced CXCL10/CXCR3 signaling due to Stat3 ablation in T cells leads to CD8
þ T-cell tumor accumu- anti-IFNg peptide, or CXCR3 antagonist, as indicated (Fig. 3A) . As reported before, adoptive transfer of Stat3 À/À CD8 þ T cells promoted CD8 þ T-cell tumor infiltration and inhibited tumor progression ( Fig. 3A and B; ref. 7) . Blocking IFNg or CXCR3 in the tumor microenvironment abrogated the restricted tumor development due to Stat3 ablation in T cells, which was accompanied by the decreased Stat3 À/À CD8 þ T-cell accumulation at tumor sites ( Fig. 3A and B) , while both treatments seemed to restrict tumor development to some extent. As expected, blockade of IFNg showed a more pronounced reduction of IFNg-producing CD8 þ T cells in the absence of Stat3
( Supplementary Fig. S4 ), which correlated with the reduced Stat3 À/À CD8 þ T-cell accumulation at tumor sites. We also performed immunofluorescence staining on B16 tumor sections, which demonstrated that blockade of IFNg or CXCR3 led to significant decreases of Stat3 À/À CD8 þ T-cell accumulation at tumor sites (Fig. 3C , images and counts on the right). In addition, we performed CXCL10 ELISA from supernatants of tumor-associated CD11b þ myeloid cells enriched from B16
tumors. Blockade of IFNg in vivo reduced Stat3 ablation-mediated CXCL10 secretion from tumor-associated myeloid cells (Fig. 3D) . Together, these results show that STAT3 in T cells inhibits IFNg-CXCL10/CXCR3 signaling by CD8 þ T/myeloid cells, thereby inhibiting CD8 þ T-cell migration to tumors in vivo and promoting tumor growth. GTPases, including RhoA, Rac1, and Cdc42, are known to critically regulate cell migration, in part by regulating the actin cytoskeleton (24) . We next determined which small GTPase is responsible for CXCL10-CXCR3 signaling-mediated CD8 þ T-cell migration. Use of an in vitro migration assay with CD8 þ T cells demonstrated that pretreatment with either a RhoA family or a Rho kinase inhibitor blocked CXCL10-induced CD8 þ T-cell migration, independent of Stat3 expression ( Supplementary Fig.  S5A ), whereas inhibition of Cdc42 or Rac1 had no effect on CXCL10-mediated CD8 þ T-cell migration ( Supplementary   Fig. S5B ). These results suggest that CXCL10-induced CD8 þ Tcell migration depends on Rho signaling, which is in agreement with a recent finding in which LFA-1-directed T-cell motility was shown to depend on Rho GTPase signaling (25) .
In summary, as depicted in Supplementary Fig. S6 , we have demonstrated that STAT3 inhibits CD8 þ T-cell accumulation in tumor sites through downregulating IFNg production by CD8 þ T cells, leading to decreased production of IFNg-induced chemokines, especially CXCL10, by tumor-associated myeloid cells. STAT3 also negatively regulates T-cell CXCR3 expression in the tumor microenvironment, further hampering tumor infiltration of CD8 þ T cells. Together, these studies shed light on targeting strategies for enhancing CD8 þ T-cell homing to tumors as a means to improve cancer immunotherapies and adoptive T-cell strategies.
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